Abstract: Currently, the multijunction solar cell structure gives the highest efficiency for photovoltaic solar cells. In this study, tandem, triple, and quadruple junction multijunction solar cell structures that include an InP subcell on InP substrate were investigated. A model that can calculate both the voltage-current characteristics and external quantum efficiency was demonstrated. The model gave fitted results with the experimental data for a single junction GaAs solar cell and a tandem solar cell that provides efficiency higher than 30%. The model was used to optimize the lattice-matched AlAsSb/InP tandem, AlAsSb/InP/InGaAsP triple, and AlAsSb/InP/InGaAsP/GaAsSb quadruple junction solar cell designs and the highest efficiencies obtained for these cells were 29.9%, 36.69%, and 42.79%, respectively, under AM1.5 spectrum without any sun concentration. This lattice-matched quadruple junction structure gives the opportunity of having high efficiency without wafer bonding.
Introduction
The detailed balance efficiency limit for a p-n junction solar cell is about 30% under 1 sun illumination and 40% under maximum concentration [1] . The main factor that limits the efficiency is absorption of the solar spectrum inefficiently since the photons with energy lower than the bandgap of cell material cannot be absorbed and the excess energy of high energy photons is wasted thermally. A multijunction solar cell consisting of two or more stacked p-n junctions with different bandgaps can use a wider portion of the solar spectrum and therefore provides higher efficiency. The 1 sun detailed balance efficiency limit for a tandem solar cell is calculated as 45.71% under AM1.5 illumination where the optimum bandgaps of p-n junctions are E G1 = 0.94 eV and E G2 = 1.6 eV [2, 3] . The theoretical efficiency limit for an infinite number of junctions is given as 86.8% [4] .
III-V-based materials are mostly used for the realization of high efficient multijunction solar cells [5] [6] [7] [8] [9] whose world efficiency record is reported as 46% [10, 11] . Ge-based multijunction solar cells are very common in the literature [7, 9] . Lattice-matched and lattice-mismatched GaInP/InGaAs/Ge triple junction solar cells are classic examples for Ge-based solar cells with efficiency higher than 40% under concentration [9] . InP-based solar cells [11] [12] [13] have less application for multijunction solar cells since InP substrate is more expensive than Ge. However, the lattice constant of InP is more appropriate when the number of junctions is increased. The quadruple junction solar cell that provides the world record efficiency uses InP substrate [11] . Dimroth et al. connected two tandem cells by wafer bonding; where an InGaP/GaAs tandem cell on GaAs substrate was at the top and an InGaAsP/InGaAs tandem cell on InP substrate was at the bottom. The GaAs substrate was * Correspondence: selcen@gazi.edu.tr lifted off after the growing process. In the present study, all subcells were chosen so as to be lattice matched to InP. Thereby high efficiency was obtained on a single substrate and no wafer bonding was needed.
Deposition of one material on top of another is based on specific interface structures between the crystal lattices of the sequent layers ( a i and a i + 1 ) . These interfaces are characterized by the lattice mismatch, f defined by, f = (a i − −a i + 1 )/a i [14] . Since lattice mismatch prevents growth of defect-free structures, latticematched materials are mostly preferred for multijunction solar cells.
In order to design InP-based optimum tandem, triple, and quadruple junction solar cell structures, continuity equations and drift-diffusion current equations are used to model single junction solar cell at first. Current-voltage (J − V OU T ) characteristics and external quantum efficiency (EQE ) curves under an AM1.5 spectrum for one sun concentration are calculated. Obtained results were in agreement with experimental data for single junction GaAs solar cells [15] . Then the model is improved for calculating the output characteristics of multijunction solar cell. The model is tested on InGaP/GaAs tandem cell [8] and it is seen that the results fitted the experimental data. Lastly, InP-based tandem, triple, and quadruple solar cell structures are modeled by optimizing the p and n side doping concentrations and thicknesses to achieve current matching and maximum efficiency.
Bremner et al. [2] reported the optimum bandgap values for a triple junction solar cell as 1.90, 1.37, and 0.94 eV, respectively. In this study, AlAs 0.56 Sb 0.44 (E G = 1.91 eV), InP (E G = 1.34 eV), and InGaAsP (E G = 1.1 eV) subcells whose bandgaps are close to optimum values are used for triple junction solar cell design.
Finally, a GaAs 0.51 Sb 0.49 (E G = 0.787 eV) subcell is inserted as a fourth junction. The quadruple structure bandgap values are not the optimum values given in [2] but they are close to the ones that were used in [11] .
Modeling multijunction solar cell
Drift-diffusion current equations combined with continuity equations that give the opportunity of including the effects of material parameters are the most common approach to model p-n junction and multijunction solar cells [16] [17] [18] . While modeling a p-n junction solar cell, electric field is assumed to be zero outside the depletion region. Therefore, diffusion current is dominant in the p and n regions, while drift current is dominant in the depletion region. The following equations are derived from continuity equations including radiative and nonradiative recombination terms and semiconductor diffusion current equations [19] for the p and n sides of the cell.
Here D e and D h are electron and hole diffusion coefficients. The Einstein relation exists between mobility and diffusion coefficient ( D/µ = k B T /q , where k B is the Boltzmann constant, T is cell temperature, which is assumed to be 300 K in this study, and q is electron charge). n eq and p eq are electron and hole minority concentrations under thermal equilibrium where ∆n and ∆p are excess electron and hole densities. The second and the third terms in the above equations represent radiative and Shockley-Read-Hall (SRH) recombination rates, respectively. τ c and τ v are SRH recombination lifetimes of electrons and holes and rg is the radiative recombination coefficient given as below:
Here h represents the Planck constant, c is light velocity, ε is energy, and α CV is the material absorption coefficient that changes with energy.
g eh terms in Eqs. (1) and (2) are the photogeneration rate due to the transition of electrons from VB to CB by absorption of photons [19] .
where R is reflectivity of the cell material due to the refractive index difference. Nph represents the number of photons per unit area per unit time for AM1.5 illumination and x is the distance that light travels through the material. Eqs. (1) and (2) are solved using boundary conditions given below with the finite element method for short circuit (output voltage, V o = 0) and dark (g eh = 0) conditions:
For the above equations the junction is assumed to be at x = 0 point. x p and x n are the thicknesses of the p and n sides, respectively. w p and w n are the depletion region thicknesses formed on the p side and n side. S n and S p are surface recombination rate terms of electrons and holes, respectively.
Under short circuit condition, the photocurrent contribution of the n and p sides of the cell is obtained using the calculated ∆n and ∆p variations (
Under dark conditions, dark current variation with the output voltage (boundary conditions in Eqs. (5a) and (5b)) is calculated. The photo and dark current contribution of the depletion region is given as below:
(6a)
Here u rad and u nr are radiative and nonradiative recombination rates depending on output voltage. Summing the short circuit condition contributions of the n side, p side, and depletion region, total photocurrent of the cell is obtained. Similarly, total dark current is found by summing the dark current contributions of these three regions for varying values of output voltage. Finally, cell current-voltage variation hence the J − V OU T curve is obtained by subtracting the dark current from photocurrent and including the series (R S ) and shunt resistance (R SH ) effects [19] .
The second term on the right side of the above equation is the dark current contribution of the p-n junction, where J o is the reverse saturation current and n is the ideality factor. Since the dark current variation with V o is obtained from dark condition calculations, J o and n can easily be extracted from that variation [20, 21] .
Here A is the surface area of the cell, which is assumed to be 1 cm 2 , and V o is the output voltage of the cell when series resistance effect is ignored. When it is taken into account, the final output voltage of the cell is given as follows:
Cell current density, J , for every value of V o is obtained from Eq. (7) and V OU T is found for every value of J from Eq. (8) . Then the solar cell parameters;hort circuit current density (J sc ) , open circuit voltage (V oc ), fill factor (FF ), and efficiency (η) are determined.
The EQE curve is found from short circuit calculations.
where λ is wavelength and ε= hc/λ. J photo (λ) is calculated for every wavelength value by solving Eqs. (1)- (8) under short circuit condition without evaluating the integrals in Eqs. (3) and (4) . EQE variation information enables us to know which part of the solar spectrum is being used efficiently. While designing multijunction solar cells, EQE variation is critical since the aim of this structure is to increase efficiency by absorbing a wider portion of the solar spectrum.
The model is applied to the GaAs single junction solar cell given in [15] . The calculated output parameters are nearly in agreement with the experimental data [15] as seen in Table 1 . Optical parameters (n-k parameters) and electrical properties of GaAs are taken from [22] . SRH recombination life times of electrons and holes are assumed to be 25 ns and surface recombination rates Sn and Sp are assumed to be 2 × 10 3 and 10 2 cm/s, respectively [23] . After testing the single junction model, two, three, and four subcells are assumed to be serially connected via tunnel junctions. Similar to [23] we assumed the tunnel junction as an absorbing layer while calculating photocurrent and the electrical loss due to tunnel junction is taken into account as a series resistance element.
In order to evaluate the current-voltage characteristics of the multijunction solar cell, first photocurrent of serially connected subcells is calculated under short circuit condition. During the calculation, the effect of absorption characteristics of the upper subcells to the lower ones is also included by changing the g eh term.
The generation rate of the nth subcell for n > 1 is given as below assuming the top cell is the first subcell:
Here α CV i and α CV ti are the absorption coefficients of the ith subcell and tunnel diode, respectively, where w i and w ti correspond to the total thicknesses of the same layers. The short circuit current was chosen as the lowest photo-current of the subcells. Then the thicknesses are optimized to achieve current matching. Under dark conditions, the dark current component of the subcell cell with lowest bandgap is calculated first for varying values of subcell output voltage. Then the output voltages of other subcells are set to equalize the dark current component of all subcells. Total output voltage of the multijunction solar cell is the sum of subcell output voltages. Finally, both subcell and total current-voltage characteristics including series and shunt resistance losses are evaluated. Series resistance should be less than 0.1 Ω for high efficiency in solar cells. Therefore, we assumed series resistance to be 0.1 Ω and shunt resistance to be 1.5 × 10
4 Ω similar to [24] . EQE curves for each subcell are also obtained. The multijunction model is tested on a tandem InGaP/GaAs solar cell [8] and, as seen from Table 2 , the calculated data nearly fitted the experimental data. SRH coefficients and surface recombination terms are taken from [23] . [27] . In all designs, double layer antireflection coating [23] and AlP 0.39 Sb 0.61 window layer are used. To best of the author's knowledge, the quadruple AlAsSb/InP/InGaAsP/GaAsSb structure is proposed and analyzed for the first time in this study. In addition, detailed structure design and EQE curve calculations are given for the first time in this study for AlAsSb/InP tandem and AlAsSb/InP/InGaAsP triple junctions. The proposed model is similar to previous ones but the radiative recombination rate variation due to wavelength is taken into account in this study, while most of the present models use radiative recombination term as a constant [28, 29] .
Tandem cell design
In the AlAs 0.56 Sb 0.44 /InP (1.91/1.34 eV) tandem structure, the AlAsSb top cell is optimized first and it is seen that photocurrent is maximized when total subcell thickness is 26 µ m. In solar cell design, it is aimed to absorb all the photons with energy higher than the bandgap and to assure that the generated carriers can contribute to the current. For nearly full absorption, absorption coefficient-cell thickness production α w ≥ 5 is required. On the other hand, thickness of the p and n sides cannot be larger than minority carrier diffusion length or the carriers will recombine before contributing to the cell current. Thus, an optimization is required about cell thickness. Since light absorption and hence electron-hole pair generation rate is faster in the upper layer, called the emitter, this layer is grown thinner with respect to the base layer. In this way most of the photogenerated carriers can reach the junction and contribute to cell current before recombining. In our design the optimum value of current contribution coming from the emitter is obtained as 9.75 mA/cm 2 for 1 µ m thickness. It is seen that photocurrent is decreased if the emitter layer is thinner or thicker. If it is thinner there is not enough absorption and if it is thicker some of the carriers are lost. In the base layer, photon absorption and hence electron-hole generation is not so fast since the light is attenuated as it travels through the layers of the cell. Therefore, base layer thickness is grown larger to absorb the rest of the photons but again the recombination effect is taken into account and the optimum base thickness is obtained as 25 µ m, which provides a 4.06 mA/cm 2 current. It is known that it is difficult to grow thick layers of AlAs 0.56 Sb 0.44 in practice, but new growth technologies might be developed for this material in the future. Doping concentration is also an important parameter in solar cell design. A high doping concentration is necessary for high output voltage but increasing the doping concentration increases the recombination rate, and so decreases the life time and diffusion length of carriers. Therefore, in our all designs the thin emitter layer is highly doped and the thick base layer is lightly doped. The bottom InP subcell has the capability of providing higher photocurrent but its thickness is optimized to give the same current with the top subcell as seen in Table 3 . The emitter layer is thin and highly doped and the base layer is thick and lightly doped as the top subcell. The output parameters and the current-voltage characteristics are presented in Table 4 and Figure 1a . As shown in Figure 1a , the output voltage of the tandem cell is the sum of the output voltages of the subcells. The performance of this tandem design is very close to that of the InGaP/GaAs tandem cell given in [8] .
a b The EQE curves of the proposed tandem cell are obtained as shown in Figure 1b . The AlAsSb top subcell begins to absorb photon at approximately 680 nm but EQE is quite low between 600 and 680 nm. This part of the spectrum was not absorbed since absorption coefficient values are quite low in this region and the thickness of the top subcell was limited due to the recombination effects. EQE is above 80% between 420 and 550 nm and decreases sharply for λ < 420 nm due to the effect of the window layer. The absorption coefficient is higher and so absorption is very fast at low wavelengths (high energies). For this reason, the window layer absorbs almost all of the high energy photons even though it is very thin. Although the window layer decreases the short circuit current of the cell, it is obligatory to minimize the effect of surface recombination. The InP subcell begins to absorb photons at nearly 950 nm. EQE is higher than 60% between 700 and 880 nm and decreases for higher energies since that portion of the spectrum is absorbed by the AlAsSb layer. The EQE values of the InP subcell are not as high as the top cell values since the thickness of the InP subcell is thinned to provide current matching. Therefore, that part of the solar spectrum cannot be fully absorbed. While modeling triple and quadruple junction solar cells, the unused part of the spectrum will be absorbed by the lower subcells. base layers are optimized to provide current matching. Since the absorption coefficient increases with energy and the higher energy photons are absorbed by upper cells, photogeneration rate is a little bit slow with respect to the upper subcells. Therefore, the cell thickness for sufficient absorption is larger. Current voltage characteristics, EQE curves, and output parameters of the proposed solar cell are given in Figures 2a and 2b and Table 5 , respectively. This design achieves an efficiency of 36.69%, which is higher than InGaP/InGaAs/Ge triple junction solar cell efficiency [9] under one sun illumination. The amounts of photocurrent provided by these two cells are very close to each other. However, the output voltage of the structure proposed here is higher since the bandgap and hence the contribution to the output voltage of the bottom InGaAsP cell is larger than that of the Ge subcell. A large amount of overlap between InP and InGaAsP subcell EQE curves is seen in Figure 2b . InP subcell thickness was thinned for current matching in the tandem cell design. The unused part of the spectrum that InP subcell could not absorb is absorbed by the InGaAsP subcell in this triple cell design and the total EQE is increased. By this way the bottom subcell still achieves sufficient absorption and photocurrent, even though its bandgap is slightly higher than the optimum bandgap of 0.94 eV [2] . The spectrum between 300 and 1200 nm is absorbed in the proposed design. As the absorbed part of the spectrum increases, the efficiency also increases. respectively. The thicknesses are adjusted to provide current matching. A similar structure is given in [30] but the fourth cell is InGaAs in [30] and GaAsSb in this study. Moreover, in this study, optimum layer thicknesses, doping concentrations, and EQE variation, which are very important for multijunction solar cell design, are presented while no detailed analysis is presented in [30] . Another difference is AM0 (space applications)
calculations are carried out in [30] where AM1.5 (terrestrial applications) calculations are presented here.
Current voltage characteristics, EQE curves, and output parameters of the proposed solar cell are given in Figures 3a and 3b and Table 6 , respectively. The achieved efficiency by this quadruple junction solar cell is obtained as 42.79% without any sun concentration. If the variation of carrier life times, mobilities, and other parameters due to high sun concentration are ignored and if the photocurrent is assumed to increase linearly with concentration, the efficiency of our structure under 297 sun is 50.7%, which is higher than the world record efficiency [11] . Table 6 . AlAsSb/InPInGaAsP/GaAsSb quadruple junction solar cell output parameters.
Jsc (mA/cm
2 ) Voc (V) FF (%) Efficiency (%) 13.98 3.6 85.0 42.79
A very large part of the spectrum (300-1750 nm) is absorbed in this structure as seen from Figure 3b . There is a large amount of overlap between GaAsSb and InGaAsP subcells, which means that the fourth subcell absorbs the photons that are not absorbed by the upper cell. The reverse saturation current density and ideality factor values extracted from dark current variation for all subcells are presented in Table 7 . 
Conclusions
In this study, InP-based AlAsSb/InP tandem, AlAsSb/InP/InGaAsP triple, and AlAsSb/InP/InGaAsP/GaAsSb quadruple junction solar cells are modeled under AM1.5 spectrum. Optimum doping concentrations and p-and n-side thicknesses providing current matching are found and current-voltage characteristics and EQE curves are obtained for each design. Since all the subcells are lattice matched no wafer bonding is needed. Furthermore, the proposed models give pretty high one sun efficiencies of 29.9%, 36.69%, and 42.79% for the tandem, triple, and quadruple junction designs, respectively. However, our model suffers from an insufficient database. If the optical and electrical properties of AlAsSb, InGaAsP, and GaAsSb calculated by iteration in this study are known exactly, more accurate results can be obtained. In any case, the presented results would be useful during the realization of InP-based multijunction solar cells.
